Impact of substrate-induced strain and surface effects on the optical properties of InP nanowires Appl. Phys. Lett. 101, 072101 (2012) Dynamic characteristics of the exciton and the biexciton in a single InGaN quantum dot Appl. Phys. Lett. 101, 061910 (2012) Enhanced internal quantum efficiency in graphene/InGaN multiple-quantum-well hybrid structures Appl. Phys. Lett. 101, 061905 (2012) Energy states and carrier transport processes in metamorphic InAs quantum dots J. Appl. Phys. 112, 034309 (2012) Stimulated emission due to localized and delocalized carriers in Al0.35Ga0.65N/Al0.49Ga0.51N quantum wells
In-situ photoluminescence monitoring of GaN in plasma exposure We have investigated in-situ photoluminescence properties of GaN surfaces exposed to Ar plasma. With increasing plasma exposure time, both intensities of near-band-edge (NBE) peak and yellow band luminescence (YL) significantly decrease, whereas that of blue band luminescence (BL) is seen to gradually increase. Additionally, the YL/NBE intensity ratio is almost invariant, but the BL/NBE intensity ratio increases dramatically with increasing the plasma exposure time. The results suggest that the increase in the BL intensity is probably due to the plasma-induced damage accumulation and the in-situ monitoring of the BL/NBE intensity ratio can be used to observe the plasma-induced damage. Recently, GaN and related materials have attracted extensive interest due to the successful applications of these materials in blue light emitting diodes and lasers 1 and the immense potential in applications for high-power and hightemperature electronics. 2 To fill the future development of electronic, optic, and optoelectronic devices, it is strongly needed to clearly understand the effects of processing on device performance. In particular, plasma processing is used widely and routinely in semiconductor device fabrication due to its ability to produce high spatial resolution structures with controllable and uniform etching rates. However, the introduction of defects after the etching can alter the optical and electronic properties of the material via a number of possible mechanisms. 3, 4 Previous works have mainly focused on the plasma-induced effects on the optical properties of GaN films by using various ex-situ physical measurements after the etching. 5, 6 The in-situ observation of optical luminescence of the GaN film in the plasma condition has seldom been reported, because the plasma usually contains high energy electrons and exhibits sharp luminescence with wide range of the wavelengths. In our previous study, we have developed an in-situ observation method under plasma conditions and have gotten full photoluminescence (PL) spectra of n-type GaN even under the high-power plasma conditions. 7 In this study, we investigate in-situ PL properties of GaN surfaces exposed to argon (Ar) plasma in view of plasma exposure time.
We use an experimental apparatus composed of an inductively coupled plasma (ICP) source and a plane aluminum target. 7 Here, a one-turn discharge coil is wound around a quartz cylinder, which has the length and bottom diameter of 12 cm and 10 cm, respectively. Ar ICP is generated at a fixed pressure of 10 mTorr and provides 13.56 MHz RF powers of 200 W through the coil. The pulse of the discharge is performed by timing voltage pulses with a square wave of 1 kHz in frequency and 500 ls in width. The pulse of the ICP source is synchronized with the modulated discharge, which results in same period but delayed phase between the timing pulse and the modulated discharge.
A sample holder with a 2-lm-thick n-type GaN film deposited on a sapphire substrate is introduced to the plasma and is located at 6 cm above the bottom. In order to observe the GaN film luminescence from outside of the quartz cylinder, the holder surface has been tilted by 45 in angle with respect to the target surface. A 313 nm ultraviolet (UV) bright line is used to induce the luminescence of the GaN film, after the light generated by an Hg-Xe lamp passes through UV transparent filter and interference filter. Here, the 313 nm bright line is focused on the sample's surface by a lens to increase the PL intensities of the GaN film. A shortwave-cut filter is used to cut the light with the wavelength less than 350 nm before the GaN film luminescence is introduced to the spectrometer. The PL of the GaN film is guided by an optical fiber to a multichannel spectrometer with a gated image intensifier. The gate duration of the image intensifier is fixed at 200 ls and is synchronized with the modulated discharge, and then the data of the luminescence spectra are obtained within 200 ms time interval after the data accumulation by 1000 shots. In addition, the temperature of the GaN film in the plasma exposure is measured simultaneously by a thermometer when the luminescence spectra are obtained. Figure 1(a) shows the PL spectra of n-type GaN film at different exposure time at the plasma discharge power of 200 W. Here, with increasing the exposure time from 0 up to 45 min, the temperature of the GaN film is seen to increase from 82 C up to 189 C, correspondingly, as shown in Fig.  1(b) . In Fig.1(a) , we can easily find two characteristic PL peaks, a near-band-edge (NBE) luminescence in the wavelength range of 350-380 nm with the center peak around 365 nm and a yellow band luminescence (YL) in the wavelength range of 480-700 nm, which are generally observed in PL spectra of GaN films. 8 Additionally, we can also find a blue band luminescence (BL) in the wavelength range of 400-480 nm in the spectra. More interestingly, with increasing the exposure time, the BL intensity is seen to increase gradually, whereas the intensities of the NBE peak and YL decrease largely. This BL is similar to BL bands that have a)
Electronic mail: phycmg@163.com. been previously reported for plasma etching and ion implantation of GaN, implying that the BL observed is probably induced by the plasma exposure.
9-11 Figure 2 shows the room-temperature (RT) PL spectra of GaN film before and after the plasma exposure (see L1 and L4). An increase in the BL intensity is more clearly observed in addition to a decrease in the NBE and YL ones, at RT after the plasma exposure. This result also suggests that the plasma-induced damage is accumulated in GaN surfaces. For clear comparison, the GaN film luminescence in the plasma exposure at the temperatures of 82 C and 189 C (at the time of 0 min and 45 min) in Fig. 1(a) is also presented in Fig. 2 (see L2 and L3 ). With the sharpincreasing temperature induced by the 200 W plasma from RT to 82 C, the NBE peak and YL intensities decrease (see L1 and L2). After plasma exposure, when the sample temperature goes down from 189 C to RT, the NBE peak and YL intensities are seen to almost recover, together with the increase of the BL intensity (see L3 and L4). It indicates that the sample temperature induced by the plasma exposure strongly influences the NBE peak, YL and BL intensities.
To detail the PL behavior of the GaN in the plasma exposure in Figs. 1(a) and 2 , we analyze the NBE, BL and YL components from a viewpoint of the exposure time (or the temperature). The averaged luminescence intensities between 560 and 565 nm and between 460 and 465 nm are, respectively, estimated as the values for the YL and BL intensities, and the results are shown in Fig. 3 . Fig. 3(a) exhibits the exposure-time dependence of the NBE peak intensity and the corresponding wavelength. With increasing the exposure time, the NBE peak intensity decreases and the corresponding wavelength increases. Fig. 3(b) shows the exposure-time dependence of the YL and BL intensities. The YL intensity clearly decreases with increasing the exposure time, which seems to accompany with the decreasing NBE peak intensity. With the result of L3 and L4 shown in Fig. 2 , it is reasonable that these behaviors of the NBE and YL are mainly due to the increasing sample temperature induced by the plasma exposure in the whole process 12, 13 in our in-situ experiments. On the other hand, the BL intensity tends to increase clearly with the extension of the exposure time. This BL behavior is significantly different from those of the NBE and YL. Although the BL intensity is susceptible to the increasing sample temperature in the same manner of the NBE and YL behaviors, the degree of the plasma-induced damage is probably much greater than that. That is, it is considered that the plasma-induced damage is accumulated in the GaN surfaces with increasing the exposure time, resulting in the gradual increase of the BL intensity in the PL spectra, as shown in Fig. 1(a) . Figure 4 shows the ratios of YL and BL intensities to the NBE peak intensity as a function of the exposure time. The YL/NBE intensity ratio is almost constant at 0.90 regardless of the exposure time. So, the YL/NBE intensity ratio is likely independent of the increasing sample temperature. On the other hand, the BL/NBE intensity ratio is seen to increase from 0.17 up to 0.35 with increasing the exposure time up to 45 min. As a result, this BL/NBE intensity ratio probably reflects the accumulation degree of the plasmainduced damage, independence of the sample temperature. Consequently, the in-situ monitoring of the BL/NBE intensity ratio can be used to observe the plasma-induced damage in GaN surfaces.
As various studies have been previously reported, Ar plasma treatments of GaN induce preferential etching of N atoms in GaN surfaces. 9, 14, 15 On the top surface, heavy N deficient has been observed by x-ray photoelectron spectroscopy (XPS) and near edge x-ray absorption fine structure spectroscopy (NEXAFS) measurements. Under this Ga-rich condition, the formation energy of Ga vacancies, V Ga , is lowered compared to the stoichiometric condition. 16 So, numerous Ga vacancies are considered to be more easily generated in the GaN surfaces and to be diffused into a deeper lying region of the GaN, which has been clearly observed after the GaN was etched by the plasma. 17 Moreover, n-type carriers in the n-GaN have been previously reported to be depleted within a 100-200 nm region from the surface after Ar plasma treatments. 18 In this case, the Fermi level is probably shifted from the near-conduction band to a mid-gap position in the band gap, which may result in lowering of the formation energy of Ga vacancies. 16 Totally, with increasing the plasma-induced damage accumulation, Ga vacancies tend to be more easily generated. In general, Ga vacancies are easily reacted with carbon and/or oxygen impurities and transformed into V Ga -O and/or V Ga -C complex defects. 19, 20 In particular, the V Ga -C complex defects have been reported to be located at 2.8-2.9 eV below the conduction band, 21, 22 which are likely responsible for the BL band observed in the in-situ PL spectra of GaN in this study. That is, the BL observed may correspond to radiative transitions from the near conduction band to the V Ga -C complex level, because it is the same metastable center as the YL band.
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In summary, based on the build method which enables us to in-situ probe the GaN luminescence in the Ar plasma exposure, 7 the properties of GaN surfaces have been investigated. With increasing the plasma exposure time, both the NBE and YL intensities significantly decrease mainly due to the increasing sample temperature, whereas the BL intensity is seen to gradually increase because of the plasma-induced damage accumulation introduced into GaN surfaces. Simultaneously, the YL/NBE intensity ratio is almost invariant regardless of plasma exposure time, but the BL/NBE intensity ratio increases with increasing the plasma exposure time. The results suggest that the BL/NBE intensity ratio probably reflects the plasma-induced damage accumulation, independence of the sample temperature. Consequently, the in-situ monitoring of the BL/NBE intensity ratio can be used to observe the plasma-induced damage in GaN surfaces.
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